Abstract One material attribute for nuclear forensics is material age.
Introduction
Nuclear forensics attempts to characterize nuclear materials, either retrieved from post-detonation debris or secured before an incident. Through this analysis and the determination of such qualities as material age, impurity content, and ratios of radionuclides, one seeks to determine the origin of the material in question. From there, it may be possible to identify those involved and take steps to ensure national security and prevent malicious use or attribute the material. However, to determine information such as the amount of time that has passed since the material's last purification, a reliable standard is required. 241 Pu is almost always present in uranium [as a reprocessing impurity] and plutonium-based nuclear weapons, which pose the greatest threat to our security. The ingrowth of 241 Am due to the decay of 241 Pu provides an excellent chronometer of the material. It is apparent that a well-characterized 241 Pu/ 241 Am standard is needed to validate measurement capability, as a basis for betweenlaboratory comparability, and as material for verifying laboratory performance. In 1977, the National Institute of Standards and Technology (NIST) first issued Standard Reference Material (SRM) 4340 as a purified 241 Pu radioactivity material. This material has been re-measured numerous times over the past 38 years to characterize the 241 Am ingrowth. The material has now acquired an additional attribute-that of being a mature radiochronometer standard for the nuclear forensic community. This effort characterizes the massic activity and separation date of the 38 year old 241 Pu SRM4340 through 4pa-c anticoincidence counting of the 241 Am ingrowth.
Method 241 Am live-timed 4pa-c anticoincidence counting (LTAC)
The 241 Pu massic activity of the 1986 SRM 4340 solution was determined by measuring the 241 Am a-emission rate of gravimetrically-linked solution A1 using LTAC ( Fig. 1) with efficiency extrapolation. The 241 Pu massic activity of SRM 4340 was then determined using that daughter ( 241 Am) massic activity, the known separation date, literature values for the relevant half-lives and the known dilution factor from solution A1 to the SRM solution. This method, as well as 4pa counting, has been used to assay the same solution numerous times over the past 38 years, and the 241 Am in-growth curve has always been found to be in agreement with the expected shape.
The LTAC system consists of a liquid-scintillation (LS) detector for the a channel and a NaI(Tl) well-type detector for the c-ray channel. For background information on the LTAC method see the papers of Baerg et al. [1, 2] and ICRU [3] . The NIST LTAC system and its general use have been described elsewhere [4] [5] [6] , and the application of this method to 241 Pu has been described by Coursey and Lucas [7] . In short, the LTAC method contains the following steps:
1. The LS-NaI alpha-gamma LTAC is set up as an anticoincidence counter. The LS alpha efficiency is set by changing a low-energy discriminator. 2. The NaI detector window is centered on the 241 Am gamma-ray peak, to record its anti-coincident pulses as well as total pulses. 3. At low alpha discriminator settings, the alpha count rate (Fig. 1 , y-axis) is high and the corresponding ratio of the anticoincident gamma rate to total gamma rate (x-axis; also call the LS alpha inefficiency) is small. This ratio is small because the 241 Am gammas are being rejected in the anticoincidence determination while the total gamma rate is large because it is being dominated by the 241 Am gamma contribution. 4. As the alpha discriminator settings are raised, the alpha rate is decreased. At the same time, the corresponding ratio of the anticoincident gamma rate to total gamma rate becomes larger because a higher fraction of the 241 Am gamma-rays are anti-coincident with (not vetoed by) alpha pulses. This relationship can be seen in the Fig. 1 graph. 5. The Fig. 1 graph is extrapolated to the alpha rate when the ratio of the anticoincident gamma rate to total gamma rate is equal to zero. This extrapolated alpha point is taken to be the total alpha rate for the sample.
For the present work, 4 LS sources were prepared from 241 Pu Master Solution A1, each consisting of a glass hemispherical vial containing 4 mL of RediSafe scintillation cocktail, 0.02 g of di-(2-ethylhexyl) phosphoric acid (HDEHP) and enough water to bring the LS sources up to 2 % water by volume. One of the LS sources was left as a blank, and the others contained 0.05-0.11 g of solution A1, which had a nominal massic activity of 241 Pu of 160 k Bq g -1 . Each LS source was measured at least twice.
The LTAC system was configured to measure the 241 Am activity within each source. In the NaI detector, the singlechannel-analyzer energy window was set around the 60 keV c-ray peak. In the LS detector, the efficiency was varied by adjusting the lower-level-discriminator on the integral counter. In order to avoid 241 Pu beta events from contributing to the LS detector, the discriminator level was always kept above twice the 241 Pu beta endpoint energy (21 keV). The efficacy of this discriminator setting was tested by fitting the tail of the 241 Pu contribution, as shown in Fig. 2 . The assumption was further tested by taking data with discriminator settings below the nominal cutoff and noting at what point the efficiency extrapolation became non-linear. Both of these tests confirmed the assumption Fig. 1 The NIST LTAC system [4] [5] [6] consists of a hemispherical LS source (photograph) of diameter 3 cm, optically coupled to a photomultiplier tube (PMT) as the LS detector. The PMT is sensitive to UV scintillation (blue arrow) from the source. The source sits inside a NaI(Tl) well detector, which is sensitive to gamma-rays (orange arrow). The LS count rate is plotted against LS detector a inefficiency, Y, which is defined as the ratio of the anti-coincident NaI(Tl) count rate to the total NaI(Tl) count rate. The a detection inefficiency is adjusted by varying the LS discriminator settings. The total alpha emission rate is determined by extrapolating the LS detector inefficiency (Y) value to zero. (Color figure online) that 241 Pu did not contribute to the 241 Am LS count rate beyond the uncertainty assessment of 0.003 % (uncertainties are quoted at the k = 1 level for this work unless stated otherwise).
Both linear and quadratic extrapolations were performed for each source (see Fig. 1 ), and the resulting intercept values agreed within their respective uncertainties. No trend was visible in the fit residuals, as shown in Fig. 3 . The a-detection inefficiency range for the linear extrapolation was about 0.004-0.08 and for the quadratic extrapolation was 0.004-0.25. The average intercept from the two extrapolations for each source was adopted as the 241 Am alpha emission rate, which was divided by the alpha emission probability of 0.9999756 (2) [8] to determine the 241 Am activity. The standard deviation of the distribution for the 241 Am massic activities from the three sources was 0.050 %.
Am confirmation and radioimpurity assay
Am, Pu, Th and U radioimpurities were assayed by radiochemical separation (Fig. 4) 229 Th and 232 U were not spiked in the same samples, and some samples and blanks to be used for isotopic determinations were not spiked with tracers]. After the samples were heated to incipient dryness with 8 M nitric acid three times to equilibrate sample with tracers, they underwent the radiochemical separations depicted in Fig. 4 [9] , and the resulting separated sub-samples were electrodeposited [10] and counted by alpha spectrometry.
Since counting statistics were poor, except for the Am spectra, peak analysis was done by regions-of-interest integration.
Results and discussion 241 Am live-timed 4pa-c anticoincidence counting (LTAC)
The 241 Pu massic activity and massic atom number of solution A1 were both determined from the measured 241 Am massic activity by LTAC, the known separation date, literature values for the relevant half-lives (Table 1) , and Bateman equations. These values were then divided by the 241 Pu Master Solution A1 dilution factor of 3347.8 (17) to obtain the values for the SRM 4340 solution. All uncertainties are for a coverage factor of k = 1.
The 241 Am activity of the SRM solution on 1200 EST July 4, 2009 was determined to be:
A Am = 5.897 Bq g -1 (±0.24 %) ( A Pu = 232.57 Bq g -1 (±0.32 %) and N Pu = 1.517 9 10 11 g -1 (±0.29 %). This activity value agrees very well with the 1986 SRM certificate. The ratio of the present 241 Pu activity determination to that from the 1986 SRM is enumerated below. Only the uncertainties due to half-lives are included below, with the 241 Pu half-life uncertainty dominant. This activity ratio and its uncertainty are independent of reference time and identical to the ratio and uncertainty of atom number. The equivalence of this R Pu value with 1 indicates both that the Am (and probably Pu) has remained in solution and that the half-life values are probably correct within their uncertainties.
R Pu = 0.9990 ± 0.0014 1 Note that NIST has only measured the radioactive impurities, and has not determined the chemical impurities present in the solution that might affect atom counting experiments. 
Compare uncertainty components
Uncertainty components were compared for the present 241 Pu activity in solution SRM4340 from the original certificate and the present work ( Table 5 ). The SRM certificate listed ''Half-lives'' as one component, which we call ''Half-lives in fit''. A component called ''Decay Correction'' was added to account for the decay correction of the 241 Pu activity from 1986 to the present reference date. In fact, these two contributions are correlated, and different half-life values were used for them, as explained in the next section.
Atom number uncertainty correlation
For the present work, both the activity and atom number concentrations are reported with uncertainty evaluations. On the other hand, the SRM 4340 certificate only reports the 241 Pu activity concentration, A Pu , not the atom number concentration, N Pu . To calculate N Pu , the half-life T Pu must be used, as in Eq. (1):
However, T Pu was also used in 1986 to determine A Pu from the 241 Am activity measurements. Thus, a correlation exists between A Pu and T Pu in Eq. (1). The practical effect of this correlation is that N Pu values calculated using the above equation would be accompanied by defective uncertainty estimates. In order to eliminate this problem, the 1986 data would need to be re-analyzed, calculating both A Pu and N Pu explicitly from the original 241 Am ingrowth values, or else calculating correlation coefficients between the variables in Eq. (1). At present, it is at least possible to eliminate further correlations between the decay correction of the certified A Pu value from the SRM certificate date to the present date and the calculation of N Pu at the present date. In that way, the atom number concentration on July 4, 2009, based on the 1986 SRM certificate and (±0.68 %). Again, this uncertainty is still somewhat inadequate. Also note that in 1986 a different T Pu value was used than that of the present work, the two values differing by one-half of the present uncertainty in T Pu , so it is really not possible to properly calculate the uncertainty in N Pu from that certificate. This half-life correlation between the activity and atom number values has been completely eliminated in the present experimental work. That is, both quantities were determined explicitly from the present 241 Am activity measurement and the separation date. In this way, the uncertainty of N Pu at the present reference date is 0.61 % ( Table 4) . As an illustration of the correlation effect, we can determine A Pu first and then calculate N Pu using Eq. (1). In that way, the uncertainty in N Pu would appear to be only 0.46 %. The mass concentration (g/g) of 241 Pu can be calculated from the reported atom number concentration without worry about correlations.
Any decay-corrections from the reported 241 Pu activities in this paper will have to consider correlations in the uncertainties. However, one can obtain these decay-corrected values, with correct uncertainties, and without worrying about correlations by calculating the desired quantity based directly on the present measured value of A Am = 5.897 BqÁg -1 (±0.24 %) (at 1200 EST July 4, 2009), rather than based on any subsequent 241 Pu calculation. The uncertainty in the desired quantity can be calculated in the usual way, by adding components in quadrature, without worrying about correlations in halflives. This method works because the measured A Am value has virtually no dependence on the half-lives.
Radiochemical determination of actinides in SRM 4340
The 241 Am activity of the SRM solution on 1200 EST July 4, 2009, as determined by alpha spectrometry was Results of other actinide isotopes determinations were: ].
These results are consistent with the impurities uncertainties statement on the SRM 4340 certificate of being \ 0.1 % of the 241 Pu massic activity and do not change the impurity uncertainty contributions in Tables 2-4. Am half life of (432.6 ± 0.6)a B 0. 
241 Am at separation time
The ingrowth curve for 241 Am in SRM 4340 from liquid scintillation (LS) and LTAC measurements is shown in Fig. 5 . As can be seen in the insert figure where the data and fit near the documented separation date (14:00 March 10, 1977 ) is expanded, the intercept indicates a small amount of 241 Am in the SRM at the documented separation date. Figure 6 depicts the residuals of the fit to the data for all NIST LS and LTAC measurements, and that for just the LTAC measurements. The fit of all NIST LS and LTAC measurements indicate an apparent separation date that is -5.6 ± 0.1 days prior to the documented separation date whereas the apparent separation date from just the LTAC measurements is -11 ± 5 days prior to the documented separation date. Thus, the two values are consistent. At this point, the LTAC apparent separation date is preferred because of the robustness of the anticoincidence measurement method, and the larger uncertainty feels more realistic. Figure 7 depicts the state of the art of international radioactivity measurement of 241 Pu by National Metrology Laboratories such as NIST [14] . It is apparent from the results that there is significant dispersion among laboratories (2.5 % standard deviation) in measured massic activity, as well as widely Am alpha emission rate from all LS and LTAC measurements are shown along with the least-squares fit to the data, with the effective separation date as a free parameter. The inset shows the region near the last known separation date, corresponding to time t = 0 Pu solution [14] , showing significant dispersion in both massic activity results and measurement uncertainties among the participants. Uncertainty bars are combined standard uncertainties reported by each lab varying uncertainties reported by the various laboratories. These inconsistencies should be addressed soon.
Furthermore, Fig. 8 displays the various determinations of the 241 Pu half-life taken from the DDEP evaluation, as well as the evaluated value (which rejected 3 of the measurements as outliers) [8] . The variability of the values and uncertainties has a fundamental effect on the use of 241 Pu/ 241 Am as a reliable chronometer. Using the present 241 Am ingrowth data, fit again with the 241 Pu half-life as an additional free parameter, we find T Pu = (14.30 ± 0.13), in good agreement with the evaluated value and uncertainty. If a more precise evaluated 241 Pu half-life is warranted, then further measurements would be needed.
Conclusions
This effort has characterized the 38 year old NIST SRM 4340 for its 1200 EST July 4, 2009 241 Pu and 241 Am massic activity and concentration, as well as its apparent separation date of February 27 1977, with a standard combined uncertainty of 5 days. This material is an important mature SRM for the 241 Pu/ 241 Am radiochronometry laboratories using both radioactivity and mass measurement techniques for measurement capability validation, evaluating betweenlaboratory comparability, and as a material for verifying laboratory performance. However, future work would include determining actinide impurities by mass spectrometry, improvements in the determination of the 241 Pu half life, improving the National Metrology Laboratory measurement capabilities for the certification of 241 Pu reference materials, and characterizing radiochronometric reference materials on a mass basis.
